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Bisulﬁte sequencingTET proteins have been found to play an important role in active demethylation at CpG sites in mammals. There
are some reports implicating their functions in removal of DNA methylation imprint at the imprinted regions in
the germline. However, it is not well established whether TET proteins can also be involved in demethylation of
DNA methylation imprint in embryonic stem (ES) cells. Here we report that loss of TET proteins caused a signif-
icant increase in DNA methylation at the Igf2–H19 imprinted region in ES cells. We also observed a variable
increase in DNA methylation at the Peg1 imprinted region in the ES clones devoid of TET proteins, in particular
in the differentiated ES cells. By contrast, we did not observe a signiﬁcant increase of DNA methylation imprint
at the Peg3, Snrpn and Dlk1–Dio3 imprinted regions in ES cells lacking TET proteins. Interestingly, loss of TET
proteins did not result in a signiﬁcant increase of DNA methylation imprint at the Igf2–H19 and Peg1 imprinted
regions in the embryoid bodies (EB). Therefore, TET proteins seem to be differentially involved in maintaining
DNA methylation imprint at a subset of imprinted regions in ES cells and EBs.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Genomic imprinting is an epigenetic phenomenon characterized by
parental origin-dependent expression of the imprinted genes (Barlow
and Bartolomei, 2014; Bartolomei and Ferguson-Smith, 2011; Lawson
et al., 2013; Li, 2013; Peters, 2014; Tomizawa and Sasaki, 2012). Roughly
150 imprinted genes have been identiﬁed in mouse and many of them
are conserved in humans (Barlow and Bartolomei, 2014; Bartolomei
and Ferguson-Smith, 2011; Kelsey and Bartolomei, 2012). A large num-
ber of the imprinted genes are clustered and co-regulated by a cis-acting
imprinting control region called ICR (Ben-Porath and Cedar, 2000;
Lewis and Reik, 2006; Robertson, 2005). ICRs are marked by germline-
derived differential DNA methylation that is present at the CpG sites
within the ICR of either paternal chromosome ormaternal chromosome
(Barlow and Bartolomei, 2014; Bartolomei and Ferguson-Smith, 2011;
Ciccone et al., 2009). Allelic differential DNA methylation at the ICRs isell Institute, Department of
ol of Biological Sciences, Icahn
lace, New York, NY 10029, USA.
. This is an open access article undermaintained by DNA methyltransferase complexes to prevent its loss
during cell divisions (Li et al., 1993; Li and Zhang, 2014; Moore et al.,
2013; Reik et al., 2001; Tomizawa and Sasaki, 2012). Without DNA
methyltransferase complexes, the newly synthesized DNA will lack
DNA methylation at the CpG sites including those at the ICRs (Kaneda
et al., 2004; Klose and Bird, 2006; Law and Jacobsen, 2010; Li and
Zhang, 2014; Okano et al., 1999). ZFP57 and PGC7/Stella are two
maternal-effect genes necessary for the maintenance of DNA methyla-
tion imprint at most imprinted regions examined (Li et al., 2008;
Mackay et al., 2008; Nakamura et al., 2007; Payer et al., 2003;
Quenneville et al., 2011; Strogantsev et al., 2015). Human and mouse
ZFP57 proteins appear to play similar roles in genomic imprinting
(Mackay et al., 2008; Takikawa et al., 2013b). Our previous studies
have demonstrated that ZFP57 interacts with DNA methyltranferases
via its cofactor KAP1/TRIM28 (Li et al., 2008; Zuo et al., 2012). Indeed,
KAP1/TRIM28 also appears to be required for the maintenance of DNA
methylation imprint (Messerschmidt et al., 2012; Zuo et al., 2012).
Therefore, the DNA methyltransferase complexes containing ZFP57
and KAP1/TRIM28 play a major role in maintaining DNA methylation
imprint (Li, 2010, 2013).
DNAmethylation can be passively lost during DNA replication if it is
not maintained by DNA methyltransferases (Chen and Riggs, 2011; Lithe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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loss due to DNA replication during cell divisions, DNA methylation can
also be subject to active demethylation via DNA repair pathway
(Walsh andXu, 2006;Wuand Zhang, 2010). One recent exciting discov-
ery in the epigenetics ﬁeld is the presence of 5-hydroxymethylcytosine
in mammalian DNA (Kriaucionis and Heintz, 2009; Tahiliani et al.,
2009). It is well-established that 5-methylcytosine can be catalytically
converted to 5-hydroxymethylation by three mammalian TET proteins
(Gu et al., 2011; Guo et al., 2014; Guo et al., 2011; He et al., 2011; Ito
et al., 2011; Ko et al., 2015; Lee et al., 2014; Pastor et al., 2013;
Tahiliani et al., 2009; Williams et al., 2012; Xu and Walsh, 2014). Inter-
estingly, it is reported in some studies that DNA methylation imprint
may be partially erased by TET proteins in the germline during the
resetting of genomic imprinting (Dawlaty et al., 2013; Hackett et al.,
2013; Ko et al., 2015; Nakamura et al., 2012; Piccolo et al., 2013;
Yamaguchi et al., 2013). However, passive loss of DNA methylation
through DNA replication may be more important in erasure of the orig-
inal DNA methylation imprint in the germline (Kagiwada et al., 2013).
Upon fertilization, both maternal and paternal pronuclear genomes
undergo locus-speciﬁc passive and active demethylation in the zygote
(Guo et al., 2014; Wang et al., 2014; Xu andWalsh, 2014). The patterns
of differential DNA methylation at various ICRs are reformed in the
zygote, andDNAmethylation imprint is thought to be stablymaintained
in somatic cells after it is established in the germline (Barlow and
Bartolomei, 2014; Bartolomei and Ferguson-Smith, 2011; Tilghman,
1999). Indeed, a recent whole-genome bisulﬁte sequencing analysis
has conﬁrmed this hypothesis although several imprinted regions may
be subject to DNA demethylation during early embryogenesis
(Wang et al., 2014). PGC7/Stella has been found to protect DNA
methylation imprint from TET3-catalyzed 5mC oxidation in early
mouse embryos (Nakamura et al., 2012). Despite these advances, it
is not clear whether TET proteins could also play a role in maintain-
ing genomic imprinting in ES cells. Here we provide evidence
suggesting that loss of TET proteins in embryonic stem (ES) cells
may affect the steady-state level of DNA methylation imprint at a
subset of imprinted regions.Fig. 1. The undifferentiated ES cell colonies and differentiated mature EBs of TET mutant ES clo
tiated ES cells and EBs derived from a TET DKO ES clone and a TET TKO ES clone were shown h
colonies grown on top of the irradiated SNL feeder cells. Arrowheads, differentiated mature EB2. Materials and methods
2.1. Undifferentiated ES cell culture for uES samples
For undifferentiated ES cells (Fig. 1), ES cloneswere culturedwith an
ES cell growth medium and plated on top of the irradiated SNL feeder
cells that constitutively express leukemia inhibitory factor (LIF). The
ES cell growth medium was made of a DMEM medium plus 15% (v/v)
fetal bovine serum (FBS). ES clones were passaged onto 6-well or
24-well plates once every 3–5 days. The uES genomic DNA samples
were harvested from the undifferentiated ES cells grown on 6-well
plates when they became conﬂuent so that only a small portion of
genomic DNA was derived from feeder cells. We estimated that less
than 5% of the entire population of the cells might be SNL feeder
cells and a vast majority of the cells used for DNA preparation should
be ES cells.
2.2. Differentiated ES cell culture for dES samples
For dES samples, undifferentiated ES cells grown on top of the irradi-
ated SNL feeder cells were plated onto gelatin-coated 6-well or 24-well
plates without SNL feeder cells. The ES clones grown on gelatin-coated
plates for one generation were passaged onto gelatin-coated 6-well or
24-well plates without SNL feeder cells for one more generation. The
ES clones were mostly differentiated and free of almost all SNL feeder
cells after two generations on gelatin-coated plates (Fig. S1). These
differentiated ES cells (dES) were harvested for preparation of dES ge-
nomic DNA samples when they became conﬂuent on gelatin-coated
plates.
2.3. Embryoid body (EB) culture for EB samples
About 1–2 million of the ES cells for these ES clones grown on top of
the irradiated SNL feeder cells were plated onto the non-adherent 10-
cm tissue culture dish plates coated with poly-hema (Sigma). An ES
cell growth medium without LIF was used for culturing EBs. Half ofnes displayed similar morphology to those of wild-type parental ES clone. The undifferen-
ere, along with those derived from the wild-type ES clone. Arrows, undifferentiated ES cell
s cultured on non-adherent plates for 9 days.
437L. Liu et al. / Stem Cell Research 15 (2015) 435–443the medium for the EB culture was changed every 2–3 days by
aspiration without removing the EBs in the dish plate. The mature EBs
for each ES clone were harvested for genomic DNA preparation of EB
samples after they had been cultured on non-adherent plates for
9 days (Fig. 1).2.4. Bisulﬁte mutagenesis
The uES, dES and EB genomic DNA samples for each ES clone were
subjected to bisulﬁte treatment with the EZ DNA Methylation-Gold™
Kit (Zymo Research). The bisulﬁte-treated DNA was used for COBRA
analysis of the imprinted regions and the non-imprinted IAP repeat
regions (Fig. S2).Fig. 2. COBRA analysis of paternally inherited DNA methylation imprint at two imprinted regio
covering the paternally inherited imprinting control region of two imprinted regions (Fig. S2)
sites. uES, undifferentiated ES cell samples derived from the ES cells grown on feeder cells. dES
for two generations. EB, embryoid bodies formed after the ES cells grown on non-adherent 10-cm
3, TET DKO#2 ES clone. Lane 4, TET TKO#1 ES clone. Lane 5, TET TKO#2 ES clone. u, the restric
methylated DNA. A, COBRA analysis of the H19 DMR of the Igf2–H19 imprinted region, with a
used for digestion. The sizes of the restriction enzyme digestion product for the methylated
BstUI; 349 bp and 112 bp for TaqαI. B, COBRA analysis of the IG-DMR of the Dlk1–Dio3 imprinte
enzymes used for digestion. The sizes of the restriction enzyme digestion product for the meth2.5. Combined bisulﬁte restriction analysis (COBRA)
COBRAwas used for most analyses of DNAmethylation levels at the
imprinted regions and IAP repeats in this study (Eads and Laird, 2002;
Xiong and Laird, 1997). After bisulﬁte mutagenesis, the puriﬁed
mutagenized genomic DNA was subjected to PCR ampliﬁcation with
the primers covering a portion of the imprinting control region (ICR)
for the imprinted regions or a portion of the non-imprinted IAP repeat
regions (Takikawa et al., 2013a; Zuo et al., 2012). The resultant PCR
product was used for restriction digestion for 2–3 h with the restriction
enzymes targeting the CpG sites within the ampliﬁed ICR or IAP regions
(Fig. S2). Then the digested PCR product was loaded to a gel for electro-
phoresis so that the undigested product indicative of unmethylated
template DNA and digested product indicative of methylated templatens. PCR ampliﬁcation was performed on bisulﬁte-treated DNA samples with the primers
. Then the PCR product was subjected to restriction enzyme digestion targeting the CpG
, differentiated ES cell samples derived from the ES cells passaged on gelatin-coated plates
dish plates for 9 days. Lane 1,wild-type (WT) ES clone. Lane 2, TET DKO#1 ES clone. Lane
tion enzyme product of the unmethylated DNA. m, the restriction enzyme product of the
PCR product of 461 bp (Fig. S2A). ClaI, RsaI, BstUI and TaqαI are four restriction enzymes
DNA are: 350 bp and 111 bp for ClaI; 340 bp and 121 bp for RsaI; 379 bp and 82 bp for
d region, with a PCR product of 384 bp (Fig. S2B). HpyCH4IV and TaqαI are two restriction
ylated DNA are: 280 bp and 104 bp for ClaI; 267 bp and 117 bp for TaqαI.
Fig. 3. COBRA analysis of maternally inherited DNAmethylation imprint at three imprinted regions. PCR ampliﬁcation was performed on bisulﬁte-treated DNA samples with the primers
covering the maternally inherited imprinting control region of three imprinted regions (Fig. S2). Then the PCR product was subjected to restriction enzyme digestion targeting the CpG
sites. uES, undifferentiated ES cell samples derived from the ES cells grown on feeder cells. dES, differentiated ES cell samples derived from the ES cells passaged on gelatin-coated plates
for two generations. EB, embryoid bodies formed after the ES cells grown on non-adherent 10-cmdish plates for 9 days. Lane 1,wild-type (WT) ES clone. Lane 2, TET DKO#1 ES clone. Lane
3, TET DKO#2 ES clone. Lane 4, TET TKO#1 ES clone. Lane 5, TET TKO#2 ES clone. u, the restriction enzyme product of the unmethylated DNA. m, the restriction enzyme product of the
methylated DNA. A, COBRA analysis of the Peg1 imprinted region, with a PCR product of 564 bp (Fig. S2C). ClaI, RsaI and HpyCH4IV are three restriction enzymes used for digestion.
The sizes of the restriction enzyme digestion product for the methylated DNA are: 341 bp and 223 bp for ClaI; 348 bp and 216 bp for RsaI; 367 bp and 197 bp for HpyCH4IV. B, COBRA
analysis of the Peg3 imprinted region, with a PCR product of 375 bp (Fig. S2D). BstUI and TaqαI are two restriction enzymes used for digestion. The sizes of the restriction enzyme digestion
product for the methylated DNA are: 223 bp and 152 bp for BstUI; 248 bp and 127 bp for TaqαI. C, COBRA analysis of the Snrpn imprinted region, with a PCR product of 375 bp (Fig. S2E).
BstUI and HhaI are two restriction enzymes used for digestion. The sizes of the restriction enzyme digestion product for themethylated DNA are: 264 bp and 135 bp for BstUI; 265 bp and
136 bp for HhaI.
438 L. Liu et al. / Stem Cell Research 15 (2015) 435–443DNA were separated on the gel if the restriction enzyme sites for the
unmethylated template DNA were lost after bisulﬁte mutagenesis
(Figs. 2–3). For each imprinted region, we performed triplicate
COBRA analyses starting from the bisulﬁte-treated DNA samples for
one restriction enzyme. The results for the triplicate COBRA are
shown in Supplemental Figs. S3–S7 with statistical analysis data
included.2.6. Bacterial colony bisulﬁte sequencing
Upon ligation, the puriﬁed bisulﬁte PCR product of the bisulﬁte-
treated DNA samples was cloned into the pGEM-T vector system
(Promega). After bacterial transformation, the bacterial colonies on
the dish plateswere sent for direct sequencing (Zuo et al., 2012). The se-
quence results for the imprinted regions were analyzed with the web-
439L. Liu et al. / Stem Cell Research 15 (2015) 435–443based bisulﬁte DNA sequence analysis program called QUMA (see the
website: http://quma.cdb.riken.jp/).
3. Results
TET mutant ES clones were generated in the previous study (Hu
et al., 2014). One wild-type ES clone, two TET DKO (Tet1−/−Tet2−/−)
and two TET TKO (Tet1−/−Tet2−/−Tet3−/−) ES clones were cultured
for the samples of the undifferentiated ES cells (uES) grown on SNL
feeder cells (Fig. 1), differentiated ES cells (dES) grown on gelatin-
coated plates for two generations without LIF (Fig. S1), and embryoid
bodies (EB) after extended culture for 9 days on non-adherent tissue
culture plates coated with poly-hema (Fig. 1). These clones were
named WT#1, DKO#1, DKO#2, TKO#1 and TKO#2, respectively. Geno-
mic DNA samples were isolated from uES cells, dES cells and EBs for
each ES clone. Then we subjected these 15 genomic DNA samples to
COBRA analysis (Takikawa et al., 2013a; Zuo et al., 2012).
3.1. DNA methylation imprint at two paternally imprinted regions
COBRA analysis was performed at the region of H19 DMR and IG-
DMR of Dlk1–Dio3 imprinted region, with a PCR product of 461 bp and
384 bp, respectively (Figs. S2A and S2B). Compared with that of
the wild-type parental ES cells (WT#1), H19 DMR appeared to be
hypermethylated in the uES samples of two TET DKO and two TET
TKO ES cell clones based on COBRA analyses of the genomic DNA sam-
ples with four different restriction enzymes recognizing the distinctive
CpG sites within the H19 DMR (Fig. 2A). When quantiﬁed by ImageJ,
hypermethylation was observed at the H19 DMR in the uES samples of
these TET DKO and TET TKO ES clones compared with that of WT#1
(Fig. S3). Based on the triplicate COBRA analyses of the H19 DMR with
ClaI, H19 DMR was signiﬁcantly hypermethylated in the undifferentiat-
ed ES cells of four TETmutant ES clones in comparison to those ofWT#1
(Fig. S3A).
Compared with that of WT#1, the methylation level was not much
different at the H19 DMR in the dES sample of TET DKO#2 (Figs. 2 and
S3). By contrast, a signiﬁcant increase of methylation was observed at
the H19 DMR in the dES samples of TET DKO#1 and two TET TKO ES
clones in comparison with WT#1 (Figs. 2 and S3). For EBs, roughly
similar levels of methylation were observed at the H19 DMR in WT#1,
two TET DKO and two TET TKO ES clones (Figs. 2 and S3). These results
were conﬁrmed by statistical analyses for the COBRA of H19 DMR with
ClaI (Fig. S3A). Therefore, loss of TET proteins did not cause any signiﬁ-
cant increase of methylation at the H19 DMR in the TET mutant ES
clones when they differentiated as EBs but it resulted in hypermethyla-
tion at the CpG sites of the H19 DMR when TET mutant ES clones were
induced to differentiate by culturing on gelatin-coated plates for two
generations.
By large, DNA methylation imprint at the IG-DMR of Dlk1–Dio3
imprinted region did not appear to be hypermethylated in the uES,
dES and EB samples of two TET DKO and two TET TKO ES clones, com-
pared with those of WT#1 (Figs. 2B, S4). This was conﬁrmed by the
statistical analysis of the triplicate COBRA of the IG-DMR by TaqαI
(Fig. S4A). Thus, DNA methylation imprint was relatively stable at the
IG-DMR in the uES, dES and EB samples of the TET DKO and TKO ES
clones, and loss of TET proteins did not apparently lead to hypermethy-
lation at the IG-DMR of Dlk1–Dio3 imprinted region in either undiffer-
entiated ES cells or their differentiated progeny.
3.2. DNA methylation imprint at three maternally imprinted regions
We also examined DNA methylation imprint by COBRA at three
maternally imprinted regions (Peg1, Peg3 and Snrpn), with a PCR prod-
uct of 564 bp, 375 bp and 401 bp, respectively (Figs. S2 and 3). Peg1
DMR appeared to be mildly hypermethylated, with variable degrees,
in some samples derived from TET DKO and TET TKO ES clones incomparison with WT#1 (Figs. 3A, S5). Based on the results of triplicate
COBRA of Peg1 DMR by HpyCH4IV, a signiﬁcant increase of methylation
was observed at the Peg1DMR in the uES samples of DKO#1 and TKO#2
compared with that of WT#1 (Fig. S5C). Methylation appeared to be in-
creased, although not statistically signiﬁcant, at the Peg1DMR in the uES
samples of DKO#2 and TKO#1 in comparison with WT#1 (Fig. S5C).
This increase of methylation was more apparent in the dES samples.
Peg1 DMR was signiﬁcantly hypermethylated in the dES samples of
DKO#1, TKO#1 and TKO#2 compared with that of WT#1 (Fig. S5C).
Methylation at the Peg1DMR in the dES sample of DKO#2 also appeared
to be increased in comparison with WT#1 although it was not statisti-
cally signiﬁcant (Fig. S5C). Methylation levels were more variable at
the Peg1 DMR in the EB samples of TET DKO and TKO ES clones. Based
on the triplicate COBRA of the Peg1 DMR by HpyCH4IV, methylation
appeared to be increased in 3 out of 4 EB samples of TET DKO and TKO
ES clones although this increase was not statistically signiﬁcant
(Fig. S5C). Surprisingly, we did not observe a similar increase ofmethyl-
ation at the Peg1 DMR in COBRA analyses by ClaI and RsaI (Figs. 3A, S5).
Peg1 DMR appeared to be similarly methylated at the CpG site recog-
nized by ClaI in almost all samples, whereas the CpG site of Peg1 DMR
recognized by RsaI exhibited higher methylation in some TET TKO
samples, in particular the dES samples of TET TKO ES clones (Figs. 3A,
S5). It appears that loss of TET proteins caused a variable increase of
methylation at the Peg1 DMR with some CpG sites being more affected
than others. Hypermethylation of Peg1 DMR was more apparent in the
differentiated ES samples without all three TET proteins.
We also examined DNA methylation imprint at the Peg3 imprinted
region (Fig. S2D). Although it seems that BstUI digestion for Peg3 DMR
was not as complete as TaqαI digestion, the results for these two restric-
tion digestions of Peg3 DMR are largely consistent with each other
(Figs. 3B and S6). Methylation appeared to be increased in the uES
and dES samples of TET DKO and TKO ES clones in comparison with
WT#1. However, it was not statistically signiﬁcant based on triplicate
COBRA analyses of Peg3 DMR by TaqαI (Fig. S6B). Similar levels of DNA
methylation were observed at the Peg3 DMR in the EB samples derived
from WT#1, DKO and TKO ES clones (Figs. 3B and S6). We also per-
formed bacterial colony bisulﬁte sequencing of the ampliﬁed bisulﬁte
PCR product from the Peg3 DMR for these samples of WT#1, DKO#2
and TKO#2 ES clones (Fig. 4). The levels of methylation at the Peg3
DMR inferred from bacterial colony bisulﬁte sequencing are generally
consistent with those obtained in TaqαI digestion of these samples
(compare Fig. S6B with Fig. 4). Relatively higher levels of methylation
were obtained from the uES and dES samples but not from the EB sam-
ples of DKO#2 and TKO#2 ES clones in comparison with those ofWT#1
according to the bisulﬁte sequencing results of Peg3 DMR (Fig. 4). We
also determined the sequencing results for only the unique clones
based on the presence of uniquemethylated CpG sites or unique incom-
pletely converted unmethylated cytosine (C) residues in the sequenced
DNA molecules (Fig. S8). Similarly, relatively higher levels of methyla-
tion were obtained from the uES and dES samples but not from the EB
samples of DKO#2 and TKO#2 ES clones compared with WT#1
(Fig. S8). Taken together, loss of TET proteins seemed to cause increased
methylation at the Peg3 DMR in the uES and dES samples but not in the
EB samples of TETmutant ES clones by COBRA and bisulﬁte sequencing,
although it was not statistically signiﬁcant based on triplicate COBRA
analyses of Peg3 DMR by TaqαI.
DNA methylation imprint at the Snrpn imprinted region was more
variable in these samples based on COBRA (Fig. 3C). Methylation
appeared to be increased at Snrpn DMR in some samples of TET DKO
and TKO ES clones, in particular the dES samples of TET TKO ES clones
(Fig. 3C and Fig. S7). However, there was no signiﬁcant increase in
DNA methylation at Snrpn DMR in TET DKO and TKO ES clones based
on triplicate COBRA analyses by HhaI (Fig. S7B). We also performed
bisulﬁte sequencing analysis of SnrpnDMR for the uES and dES samples
of WT#1, DKO#2 and TKO#2 ES clones (Fig. 5). The methylation levels
at the Snrpn DMR inferred from bacterial colony bisulﬁte sequencing
Fig. 4. Bisulﬁte sequencing results of the Peg3 DMR. The bisulﬁte PCR product was ampliﬁed from the Peg3 DMR of the uES, dES and EB samples of the wild-type (WT), one TET DKO
(DKO#2) and one TET TKO (TKO#2) ES clones after bisulﬁte mutagenesis, and then subjected to bacterial colony bisulﬁte sequencing. Filled circle, methylated CpG. Unﬁlled circle,
unmethylated CpG. Cross (×), CpG sitewithout a clearmethylation status. Each row stands for a sequencedDNA templatemolecule froma single bacterial colony. The number underneath
each sequencing diagram indicates the percentage of all methylated CpG sites over the total number of CpG sites of the sequenced bacterial colonies for each sample.
440 L. Liu et al. / Stem Cell Research 15 (2015) 435–443are in general agreement with those obtained in COBRA analysis
(compare Fig. S7 with Fig. 5). Indeed, methylation at the Snrpn DMR
was roughly similar in the uES and dES samples of DKO#2 and WT#1,
whereas it was relatively increased in those of TKO#2 ES clone
(Fig. 5). We also determined the sequencing results for the Snrpn DMR
of these samples based on only the unique clones containing either
unique methylated CpG sites or unique incompletely converted
unmethylated cytosine (C) residues (Fig. S9). Compared with WT#1,
Snrpn DMR was roughly similarly methylated in the uES of DKO#2
but relatively hypermethylated in the dES of DKO#2, whereas
both the uES and dES samples of TKO#2 appeared to be relatively
hypermethylated at Snrpn DMR (Fig. S9). Taken together, Snrpn DMR
appeared to be relatively hypermethylated in some uES and dES sam-
ples of TET mutant ES clones, in particular the dES samples of TET TKO
ES clones, by COBRA and bisulﬁte sequencing. However, this increase
was variable and not statistically signiﬁcant based on triplicate COBRA
analyses of Snrpn DMR by HhaI.
3.3. DNA methylation at the non-imprinted IAP repeats
In our previous study we found that IAP repeat regions were almost
fully methylated in undifferentiated ES cells (Zuo et al., 2012). We per-
formed COBRA analysis for IAP repeats in these samples, with a PCR
product of 257 bp (Fig. S2F). Similarly, we found that IAP repeats were
fully methylated in the uES samples derived fromWT#1, TET DKO andTET TKO ES clones (Fig. 6). It remained highly methylated in the dES
and EB samples derived from these ES clones,with a slight loss of hyper-
methylation observed in WT#1 and TET TKO EB samples (Fig. 6). It
seems that loss of TET proteins did not have a signiﬁcant effect on the
hypermethylation status at the IAP repeat regions in undifferentiated
ES cells and their differentiated progeny.
4. Discussion
DNA methylation imprint is erased in the germline and re-
established during gametogenesis (Barlow and Bartolomei, 2014;
Bartolomei and Ferguson-Smith, 2011; Li, 2013). Upon fertilization,
the patterns of differential DNA methylation at the ICRs are reformed
in the zygote after germline-derived DNAmethylation imprint is passed
through the gametes. DNA methylation imprint is stably maintained
during embryogenesis. It has been documented in a few recent studies
that TET proteins may play a role in partial erasure of DNAmethylation
imprint at some imprinted regions in primordial germ cells (Dawlaty
et al., 2013; Hackett et al., 2013; Ko et al., 2015; Nakamura et al.,
2012; Yamaguchi et al., 2013). It was also reported in a recent study
that passive demethylation caused by DNA replication during cell
cycle in proliferating cells may be more important than active demeth-
ylation in erasure of the original DNA methylation imprint in the
germline (Kagiwada et al., 2013). Our current study demonstrated
that loss of TET proteins had a signiﬁcant effect on DNA methylation
Fig. 5.Bisulﬁte sequencing results of the SnrpnDMR. Thebisulﬁte PCRproductwas ampliﬁed from the SnrpnDMRof theuES and dES samples of thewild-type (WT), one TETDKO (DKO#2)
and one TET TKO (TKO#2) ES clones after bisulﬁte mutagenesis, and then subjected to bacterial colony bisulﬁte sequencing. Filled circle, methylated CpG. Unﬁlled circle, unmethylated
CpG. Cross (×), CpG sitewithout a clearmethylation status. Each row stands for a sequencedDNA templatemolecule from a single bacterial colony. The number underneath each sequenc-
ing diagram indicates the percentage of all methylated CpG sites over the total number of CpG sites of the sequenced bacterial colonies for each sample.
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ed ES cells. DNA methylation imprint was variably hypermethylated at
the Peg1DMR in undifferentiated ES cells without TET proteins, ranging
from no effect to signiﬁcant hypermethylation in TET DKO and TKO ES
clones. Hypermethylation became more consistently apparent at the
Peg1 DMR in the differentiated ES cells derived from TET mutant ES
clones, in particular TET TKO ES clones. Hypermethylation was not
observed atH19DMRwhen the TETmutant ES cloneswere differentiat-
ed as EBs, and the increase ofmethylation at Peg1DMRbecame insignif-
icant in the EBs of TET mutant ES clones. Loss of TET proteins did not
signiﬁcantly affect DNA methylation at Peg3 DMR and Snrpn DMR
although methylation appeared to be increased at these two imprinted
regions in the undifferentiated and differentiated ES cells of TETmutant
ES clones. By contrast, DNA methylation remained relatively stable at
the IG-DMR of the Dlk1–Dio3 imprinted region in either undifferentiat-
ed ES cells or differentiated cells lacking TET proteins. Therefore, loss ofFig. 6. COBRA analysis of non-imprinted IAP repeat regions. PCR ampliﬁcation was performed o
regions (Fig. S2F). Then the PCR product was subjected to restriction enzyme digestion targeti
feeder cells. dES, differentiated ES cell samples derived from theES cells passagedon gelatin-coa
adherent 10-cm dish plates for 9 days. Lane 1,wild-type (WT) ES clone. Lane 2, TET DKO#1 ES c
u, the restriction enzyme product of the unmethylated DNA. m, the restriction enzyme producTET proteins has a variable effect on DNAmethylation imprint at differ-
ent imprinted regions with some being more affected than others.
A plausible interesting observation coming out from this study is
that DNA methylation imprint at H19 DMR may be more sensitive to
loss of TET proteins in undifferentiated ES cells than they are in differen-
tiated cells, whereas DNA methylation imprint at Peg1 DMR may be
more prone to hypermethylation in differentiated ES cells rather than
in EBs. These effectsmay be due to the inherent differences in the stabil-
ities of epigenetic modiﬁcations at these DMRs in undifferentiated ES
cells, differentiated ES cells or EBs. DNA methylation imprint at H19
DMR may be more stably maintained in differentiated cells, whereas
methylation at Peg1 DMR may be more stable in undifferentiated ES
cells relative to the differentiated ES cells.
In general, the increase of methylation at the imprinted regionsmay
be less apparent in EBs than in ES cells. This could be the result of
genome-wide DNA methylation during ES cell differentiation, similarn bisulﬁte-treated DNA samples with the primers covering the non-imprinted IAP repeat
ng the CpG sites. uES, undifferentiated ES cell samples derived from the ES cells grown on
tedplates for two generations. EB, embryoid bodies formedafter the ES cells grownonnon-
lone. Lane 3, TET DKO#2 ES clone. Lane 4, TET TKO#1 ES clone. Lane 5, TET TKO#2 ES clone.
t of the methylated DNA.
442 L. Liu et al. / Stem Cell Research 15 (2015) 435–443to the gain of de novo genome-wide DNA methylation after implanta-
tion in mouse embryos (Law and Jacobsen, 2010; Li and Zhang, 2014;
Smith et al., 2012). This increase in the levels of de novo DNA methyla-
tion during differentiation may stabilize the DNA methylation imprint
at the imprinted regions (Gopalakrishnan et al., 2008; Latos et al.,
2009), rendering them less susceptible to loss of TET proteins in the
differentiated cells. These hypotheses could be tested in a future study.
Hypermethylation was more consistently observed at the H19 and
Peg1 DMRs in two TET TKO ES clones than in two TET DKO ES clones.
This implies that three TET proteins may play a partially redundant
role in DNA methylation imprint in ES cells although TET1 and TET2
may be responsible for most TET-mediated demethylation activities in
ES cells. This observation is consistent with the expression patterns of
these three TET proteins. Indeed, it is reported that notable expression
of TET1 and TET2 is very much restricted to ES cells whereas TET3 is
highly expressed in the adult tissues but only barely expressed in ES
cells (Koh et al., 2011; Tsagaratou and Rao, 2013) Dawlaty et al., 2014.
Hypermethylation at theH19DMR in the TETmutant ES clones (TET
DKO or TKO ES clones) in our study is consistent with what was report-
ed in Tet1−/−Tet2−/− DKO mutant embryos previously published by
another group (Dawlaty et al., 2013). Peg1 DMR was found to be vari-
ably hypermethylated in the TET mutant ES clones. Similarly, methyla-
tion at the Peg1 (also called Mest) DMR was also reported to be
variably mildly increased in a subset of Tet1−/−Tet2−/− DKO mutant
embryos (Dawlaty et al., 2013). These results suggest that loss of TET
proteins has similar effects on DNA methylation imprint in ES cells
and mouse embryos, and TET mutant ES clones can be used as a
model system to investigate the functions of TET proteins on genomic
imprinting. This is consistent with some other previously published
studies using ES cells as a model system for studying genomic imprint-
ing (Kohama et al., 2012; Latos et al., 2009; Mann, 2001; Quenneville
et al., 2011; Stelzer et al., 2015; Stelzer et al., 2014; Strogantsev et al.,
2015; Takikawa et al., 2013b; Zuo et al., 2012). We will continue to
employ these TETmutant ES clones to dissect the dynamicmaintenance
mechanisms of DNA methylation imprint in our future research.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scr.2015.08.010.
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